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We search for J/ψ radiative decays into a weakly interacting neutral particle, namely an invisible
particle, using the J/ψ produced through the process ψ(3686) → pi+pi−J/ψ in a data sample of
(448.1 ± 2.9) × 106 ψ(3686) decays collected by the BESIII detector at BEPCII. No significant
signal is observed. Using a modified frequentist method, upper limits on the branching fractions
are set under different assumptions of invisible particle masses up to 1.2 GeV/c2. The upper limit
corresponding to an invisible particle with zero mass is 7.0×10−7 at the 90% confidence level.
PACS numbers: 13.25.Ft, 11.30.Er
I. INTRODUCTION
Understanding the nature of dark matter and find-
ing direct evidence for its existence are among the pri-
mary goals of contemporary astronomy and particle
physics [1, 2]. Numerous experiments aim for the direct
detection of dark matter, but no solid evidence has yet
been found [3–7]. A series of Supersymmetric Standard
Models [8], including the Next-to-Minimal Supersymmet-
ric Model (NMSSM) [9, 10], predict a light CP-odd pseu-
doscalar Higgs boson A0 and a series of neutralinos. The
light stable neutralino (χ0), in particular, which is one
possible explanation for the 511 keV γ ray feature ob-
served by the INTEGRAL satellite [11], is one of the
candidates for dark matter particles [12, 13]. The χ0 can
couple with Standard Model particles via the A0 boson,
and the A0 can be produced in the radiative decay of a
quarkonium vector state, V [14–16]. The branching ratio
of such a radiative decay is:
B(V → γA0)
B(V → µ+µ−) =
GFm
2
qg
2
qCQCD√
2πα
(
1− m
2
A0
m2V
)
, (1)
where mA0 , mV and mq are the masses of the A
0, the
quarkonium state, and the corresponding quark, respec-
tively; α is the fine structure constant; GF is the Fermi
coupling constant; CQCD is the combined QCD radia-
tive and relativistic corrections [17], which depends on
mA0 ; and gq is the Yukawa coupling of the A
0 field to
the quark-pair, and is gc = cosθA/ tanβ for the charm
quark and gb = cosθA tanβ for the bottom quark, where
tanβ is the usual ratio of vacuum expectation values and
θA is the Higgs mixing angle [13].
The CLEO-c [18], BaBar [19, 20] and Belle [21] ex-
periments have performed similar searches for J/ψ or
Υ radiative decays into invisible particles, and no sig-
nal was observed. The upper limits at the 90% confi-
dence level (C.L.) for the branching fraction of the decay
J/ψ → γ + invisible, B(J/ψ → γ + invisible), are in
the range (2.5 ∼ 6.3) × 10−6, depending on the mass of
A0 [18], where B(J/ψ → γ + invisible) is the product of
B(J/ψ → γ + A0) and B(A0 → χ0χ¯0). It is worth not-
ing that the decay process J/ψ → γνν¯, which is allowed
in the Standard Model, is an irreducible background in
this analysis, but the predicted branching fraction is only
0.7 × 10−10, which is far below our experimental sensi-
tivity [22]. Thus, this background is neglected.
In this paper, we search for the J/ψ → γ+ invisible de-
cay using J/ψ produced through the process ψ(3686)→
π+π−J/ψ in a data sample of (448.1±2.9)×106 ψ(3686)
decays collected with the BESIII detector.
4II. BESIII DETECTOR AND MONTE CARLO
SIMULATION
The BESIII detector is a magnetic spectrome-
ter [23] located at the Beijing Electron Positron Col-
lider (BEPCII) [24]. The cylindrical core of the BE-
SIII detector consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight sys-
tem (TOF), and a CsI(Tl) electromagnetic calorime-
ter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke
with resistive plate counter muon identifier modules in-
terleaved with steel. The acceptance of charged particles
and photons is 93% over 4π solid angle. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for the electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution of the TOF barrel part is
68 ps, while that of the end cap part is 110 ps.
The performance of the BESIII detector is evaluated
using a geant4-based [25] Monte Carlo (MC) program
that includes the description of the detector geometry
and response. To check for potential backgrounds, an in-
clusive MC sample of ψ(3686) decays is used. The sam-
ple includes approximately the same number of ψ(3686)
decays as in data. The production of the ψ(3686) reso-
nance is simulated by the MC event generator kkmc [26],
taking into account the beam energy spread; the known
decay modes are generated using evtgen [27] with the
branching fractions as given by the particle data group
(PDG) [3]; the unknown decay modes are modeled with
the lundcharm model [28]. Signal MC samples, corre-
sponding to ψ(3686) → π+π−J/ψ with the subsequent
decay J/ψ → γ + invisible, are used to evaluate the de-
tection efficiencies and model the line shapes of variables
of interest. The samples are generated under different
assumptions for mA0 . In these signal MC samples, the
decay J/ψ → γ + invisible is modeled with an angular
distribution of 1 + cos2 θγ (θγ is the angle of the radia-
tive photon relative to the positron beam direction in
the J/ψ rest frame). Throughout the text, the decay
ψ(3686) → π+π−J/ψ is modeled according to the for-
mulas and measurement in Ref. [29]. In this analysis,
detailed MC studies indicate that the dominant back-
grounds are from ψ(3686)→ π+π−J/ψ with subsequent
decays J/ψ → γπ0, γη and γKLKL. These backgrounds
are each generated exclusively with more than 100 times
the statistics in data, where the decays of J/ψ → γπ0
and γη are generated with the angular distribution of
1+cos2 θγ , and J/ψ → γKLKL is modeled with the par-
tial wave analysis (PWA) results of J/ψ → γKSKS [30]
by assuming isospin symmetry. Many potential back-
grounds of the form ψ(3686)→ π+π−J/ψ with J/ψ de-
caying into purely neutral particles in the final states,
or with large branching fractions, are generated exclu-
sively with different generators, i.e. J/ψ → γη′, γη(1405)
and γηc with the angular distribution of 1 + cos
2 θγ ;
J/ψ → γπ0π0 and γπ+π− according to PWA results of
J/ψ → γπ0π0 [31] with isospin symmetry assumption;
J/ψ → γK+K− and γKSKS (with KS → π0π0) accord-
ing to PWA results of J/ψ → γKSKS [30], as well as
J/ψ → γπ0η, γγγ, KSKL, π0nn¯ and ηnn¯ with phase
space distribution. The above MC samples with much
larger statistics than in data are helpful to check poten-
tial backgrounds.
III. DATA ANALYSIS
A. ANALYSIS METHOD
In this analysis, the J/ψ sample originates from the
decay ψ(3686) → π+π−J/ψ. The analysis strategy
is to first tag J/ψ events by selecting two oppositely
charged pions, and then to search for the decay J/ψ →
γ+ invisible within the tagged J/ψ sample. The branch-
ing fraction of the decay J/ψ → γ+ invisible is calculated
using:
B = Nsig · ǫJ/ψ
NJ/ψ · ǫsig
, (2)
where Nsig and NJ/ψ are the yields of the signal candi-
dates of J/ψ → γ + invisible and ψ(3686)→ π+π−J/ψ,
respectively, and ǫsig and ǫJ/ψ are the corresponding de-
tection efficiencies, evaluated with the corresponding MC
samples. A semi-blind analysis is performed to avoid pos-
sible bias, where only one quarter of the full data sample
is used to optimize the event selection criteria and to
decide upon the upper limit calculation approach. The
final results are obtained with the full data sample by
repeating the analysis only after all the analysis methods
are frozen. In this paper, only the results based on the
full data sample are presented.
B. J/ψ TAG PROCEDURE
J/ψ events are tagged using the two oppositely charged
pions produced in the process ψ(3686)→ π+π−J/ψ. For
each charged pion candidate, the point of closest ap-
proach to the e+e− interaction point must be within
±10 cm in the beam direction and 1 cm in the plane
perpendicular to the beam, and the polar angle θ with
respect to the axis of the drift chamber must satisfy the
condition |cosθ| < 0.93. The charged pions are identified
by combining the information of the flight time measured
from TOF and the dE/dx measured in MDC. The corre-
sponding likelihood for the pion hypothesis is required to
be larger than that of the kaon hypothesis and 0.001. To
5suppress pions not from the decay ψ(3686)→ π+π−J/ψ,
the momentum of a pion is required to be less than
0.45 GeV/c. Additionally, to further suppress the back-
ground from γ conversion occurring in the inner detector,
the angle between the two selected pions (θ1) is required
to satisfy cosθ1 <0.95. To veto γγ fusion events, the po-
lar angle (θ2) of the total momentum vector of the pion
pair should fullfill |cosθ2| <0.95.
To identify ψ(3686) → π+π−J/ψ candidate events,
the recoiling mass of the π+π− system, M recpi+pi− =√
(ECMS − Epi+pi−)2 − ~p2pi+pi− , is used, where ECMS is
the center-of-mass energy of the initial e+e− system,
and Epi+pi− and ~ppi+pi− are the sum of the energies and
momenta of the pions in the rest frame of the initial
e+e− system, respectively. The distribution of M recpi+pi−
in the range [3.06, 3.14] GeV/c2 is shown in Fig. 1,
where multiple entries per event are allowed. A clear
J/ψ peak with low level of background events is ob-
served. To extract the signal yield, a binned maximum
likelihood fit to the M recpi+pi− distribution is performed.
To better model the J/ψ signal shape, a control sam-
ple of ψ(3686) → π+π−J/ψ with the subsequent de-
cay J/ψ → e+e−, which has almost no background, is
selected. In the fit, the signal shape is modeled using
the M recpi+pi− distribution of the control sample convoluted
with a Gaussian function, which represents the resolu-
tion difference between J/ψ → e+e− and the J/ψ in-
clusive decay. The background is described by a 2nd
order Chebychev polynomial function. The fit results
are shown in Fig. 1, and the resolution difference of the
M recpi+pi− distribution between J/ψ → e+e− and the in-
clusive decay is found to be small, i.e., the width of the
Gaussian function is close to zero. Candidate events in
the J/ψ signal region [3.082, 3.112] GeV/c2, which is
roughly three times the M recpi+pi− resolution, are used for
further analysis. The number of tagged J/ψ events in
the signal region is (8848 ± 1) × 104, obtained by in-
tegrating the fitted signal curve in the J/ψ signal re-
gion. By performing same procedure on the inclusive
MC sample, the efficiency for tagging J/ψ is determined
as (56.80±0.01)%.
C. SIGNAL SEARCH PROCEDURE
We search for the decay J/ψ → γ + invisible in
the remaining J/ψ candidate events by requiring no ad-
ditional charged track is present and there is exactly
one photon candidate. Photon candidates are recon-
structed from EMC and must satisfy the following re-
quirements. The minimum energy is 25 MeV for barrel
showers (| cos θ| <0.80) or 50 MeV for end-cap showers
(0.86< | cos θ| <0.92). To eliminate showers associated
with charged particles, the photon candidates must be
separated by at least 20 degrees from any charged tracks
in EMC. To suppress electronic noise or the showers un-
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FIG. 1: Fit to the Mrecpi+pi− distribution. The blue solid
line is the sum of signal (red dashed line) and background
(pink dashed line). The shaded region, (3.0625,3.0775) and
(3.1165,3.1315) GeV/c2, is determined as sideband region for
non-J/ψ background study.
related to the events, the time of the cluster measured
from EMC is required to be within 0 and 700 ns after
the event start time. To further suppress background
with multiple photons in the final state, the total energy
of the remaining showers in the EMC, not satisfying the
requirements on photon candidates, is required to be less
than 0.1 GeV. In order to improve the resolution, to fur-
ther suppress background, and to make sure the invisible
particle is within the detector volume, the directions of
the signal photon and the missing particle (calculated as
the recoiling momentum against the system of π+π− pair
and signal photon) are required to be within the EMC
barrel region.
After the above selection criteria, detailed MC stud-
ies indicate that the dominant backgrounds are from
ψ(3686) → π+π−J/ψ with J/ψ decays into final states
including neutral hadrons, e.g., nn¯, γKLKL, π
0nn¯. To
further suppress these backgrounds, a series of require-
ments on the shower shape variables, i.e., the second mo-
ment should be larger than 5 cm2 and less than 25 cm2,
the lateral moment should be larger than 0.1 and less
than 0.4, the ratio of energy in 3 × 3 and 5 × 5 crys-
tals should be larger than 0.95 due to the narrow shower
shape for γ, as well as the number of crystals (Ncrystals)
and energy (Eshower) of the shower should satisfy 4<
Ncrystals−10×Eshower (GeV)<20 due to the strong rela-
tion between these two variables for γ, are implemented,
where these selection criteria are optimized with the con-
trol samples of γ, n¯/n and KL selected from the decay
processes J/ψ → π+π−π0 (π0 → γγ), J/ψ → pπ−n¯+c.c.
and J/ψ → KπKL, J/ψ → π+π−φ (φ → KSKL), re-
spectively.
The variable E∗γ , which is defined as the energy of the
selected photon in the J/ψ rest frame, is used to identify
the signal. For the signal process J/ψ → γ + invisible
with a given mass and zero width for the invisible parti-
6cle, the E∗γ is expected to be convoluted with the corre-
sponding detector resolution function. The distribution
of E∗γ above 1.25 GeV for the selected events is shown in
Fig. 2. The dominant backgrounds are from ψ(3686)→
π+π−J/ψ with subsequent decays J/ψ → γKLKL, γη
and γπ0, where the latter two produce the peak in the
E∗γ distribution. The above three backgrounds, depicted
in Fig. 2, are estimated with the corresponding exclu-
sive MC samples and normalized according to the PDG
branching fractions [3]. The contribution from the non-
J/ψ process is found to be small and is estimated by the
normalized data sample in the J/ψ sideband region (on
the M recpi+pi− distribution), also shown in Fig. 2.
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FIG. 2: The E∗γ distribution. Data is shown with black dots.
The total background from ψ(3686) → pi+pi−J/ψ, estimated
from MC simulation, is shown with the black solid line and
includes contributions from the subsequent decays J/ψ →
γpi0 (long dashed yellow line), γη (short dashed green line),
and γKLKL (dotted pink line). Non-J/ψ backgrounds are
estimated using J/ψ sideband events (hatched histogram).
The red and blue solid lines show the signal shape with 0 and
1 GeV/c2 mass assumptions, respectively.
To better model the peaking backgrounds from J/ψ →
γη and J/ψ → γπ0 in the follow up procedure, a binned
maximum likelihood fit is performed on the two corre-
sponding exclusive MC samples, individually. In the fit,
the peaking component, where the detected photon is
from the J/ψ radiative decay, is described by a Crys-
tal Ball function [32], while the others, which distribute
relatively uniformly and correspond to the case that the
detected photon is not from the J/ψ radiative decay, is
described by a second order Chebychev polynomial func-
tion. The Crystal Ball functions obtained are used to
represent the peaking background from J/ψ → γη/π0
in the following analysis. The number of events are nor-
malized according to the PDG [3] and the yield of tagged
J/ψ in data.
Unbinned likelihood fits are performed on the E∗γ
range from 1.25 to 1.65 GeV/c2, corresponding to a
mass from 0 up to 1.2 GeV/c2 for the invisible parti-
cle. In the fit, the signal shape is taken from the sig-
nal MC simulation convoluted with a Gaussian func-
tion representing the resolution difference between data
and MC, where the parameters of the Gaussian func-
tion are obtained by studying a clean control sample of
ψ(3686) → π+π−J/ψ, J/ψ → γη (η → γγ). The back-
ground shape is described by the sum of an exponen-
tial function and two crystal ball functions with fixed
amplitudes and shapes presenting for the background of
ψ(3686)→ π+π−J/ψ with subsequent decay J/ψ → γη
and γπ0, respectively, where amplitudes and shapes are
estimated by the MC simulation, and the same correction
on shape as the signal description is implemented. (For
heavier invisible particle assumption, the signal shape is
broken.) As no strong peaks are observed in all fits, the
upper limits are calculated by using the modified fre-
quentist method known as CLs [33, 34] combined with
the asymptotic approximation [35]. In this approach, the
test statistic is the profile likelihood ratio, where the like-
lihood is given with the Possion function:
L =
Nbins∏
i=1
P (Ni|BǫsigsiNJ/ψ/ǫJ/ψ +
Nbkg∑
j
bexpij ) (3)
where si represents the signal probability in the i-th bin,
B is the branching fraction B(J/ψ → γ + invisible),
bexpij is the expected background number in the i-th bin
for the j-th source. Here background is modeled with
the exponential function and the two fixed crystal func-
tions from zero-signal assumption fit result. Additionally,
systematic uncertainties are included assuming Gaussian
distributions for nuisance parameters. The upper limit is
determined by integrating the test statistic in the range
of positive assumed branching fractions.
D. SYSTEMATIC UNCERTAINTIES
Three categories of systematic uncertainties, which are
associated with the number of tagged J/ψ events (NJ/ψ),
the signal efficiency and the estimated numbers of back-
grounds, are considered individually.
The systematic uncertainty related to NJ/ψ comes
from the binned fit procedure and includes the fit range,
bin size, and the shapes of the signal and background.
The uncertainties from the fit range and bin size are es-
timated to be 0.6% by varying the fit range by ± 5 MeV
and 0.3% by changing the bin size from 0.4 to 0.2 MeV,
respectively. The uncertainties from the signal and back-
ground shapes are determined as 0.1%, individually, es-
timated by the alternative fits without convoluting the
Gaussian function on the signal shape or using a 3-rd
order Chebychev function for background. The total un-
certainty related to NJ/ψ is 0.7%, obtained by adding the
above components in quadrature.
To estimate the uncertainty related to the signal effi-
ciency, two control samples, e+e− → γe+e− and J/ψ →
π+π−π0 (π0 → γγ), are selected. The former is used to
7estimate the uncertainty associated with the event topol-
ogy requirement, i.e., no extra photons or charged tracks,
as well as the remaining energy requirement. And the
latter is used to estimate the uncertainty associated with
the shower shape requirements. The resulting differences
on the efficiency between the data and MC simulation
are assigned to be the systematic uncertainty, individu-
ally. The numerical results are 0.6% and 0.9% for the
“no extra photons or charged tracks” requirement and
the shower shape requirements, respectively. The uncer-
tainty due to the energy cut on the remaining showers in
the EMC is less than 0.1% and negligible. For the pho-
ton reconstruction efficiency, the uncertainty is 1% [36].
By adding all the above uncertainties in quadrature, the
systematic uncertainty from the signal efficiency is 1.5%.
The uncertainties due to the estimated numbers of two
peaking backgrounds come from the J/ψ yield, the decay
branching fractions, and the selection efficiency (or fake
rate) for the process J/ψ → γη/π0. The uncertainty of
J/ψ yield is discussed above, 0.7%. The uncertainties of
decay branching fractions are quoted from the PDG [3],
3.0% for J/ψ → γη and 4.8% for J/ψ → γπ0. The
uncertainties associated with the selection efficiency in-
clude those of γ selection (including photon reconstruc-
tion and shower shape requirements) and the event topol-
ogy requirement (including charged tracks number, pho-
ton number and extra showers’ energy requirements).
The uncertainty associated with the γ selection is dis-
cussed above. The uncertainty associated with the event
topology requirement is investigated by studying a con-
trol sample of ψ(3686) → π+π−J/ψ, J/ψ → φη. For
the decay of J/ψ → γη, the control sample is selected
by tagging a π+π− pair and a K+K− pair as well as
the J/ψ and φ mass window requirements on the π+π−
recoiling system and K+K− system, respectively. The
corresponding efficiency is computed for both data and
MC samples by fitting to the η signal on the recoiling
mass of π+π−K+K− system before and after implement-
ing the event topology requirements. The resulting dif-
ference in the efficiencies is taken as the systematic un-
certainty. For the decay J/ψ → γπ0, no extra charged
tracks is required, since the π0 decays into the γγ final
state dominantly. Then the same procedure is applied.
Since the efficiency of the event topology requirement
is extremely low, ∼ 0.2%/0.3% for the peaking back-
grounds of J/ψ → γη/π0, the resulting uncertainties,
16% for both J/ψ → γη/π0, are dominated by the sta-
tistical uncertainty of the data control sample, and are
conservatively taken as the systematic uncertainties in
this analysis. By adding all uncertainties in quadrature,
the systematic uncertainties for the number of peaking
backgrounds are 17% for both ψ(3686)→ π+π−J/ψ and
J/ψ → γη/π0.
The uncertainties due to the continuum background,
representing by the exponential function, are also in-
cluded. Both the shape and magnitude are considered,
and the corresponding uncertainties are evaluated by per-
forming a fit on E∗γ distribution with zero-signal assump-
tion.
The all discussed systematic uncertainties are listed in
the Tab. I.
TABLE I: Summary of systematic uncertainty
source uncertainty
tagged J/ψ number
signal shape 0.1%
background shape 0.1%
fit bin size 0.3%
fit range 0.6%
signal efficiency
gamma reconstruction 1%
only one good shower 0.6%
extra showers’ energy cut less than 0.1%
shower shape cut 0.9%
fit procedure
number of ψ(3686) → π+π−J/ψ, J/ψ → γη 17%
number of ψ(3686) → π+π−J/ψ, J/ψ → γπ0 17%
number of continuum background 4.4%
E. UPPER LIMIT RESULT
Taking into account all systematic uncertainties and
the signal detection efficiencies obtained from MC sim-
ulation with different minvisible assumptions, the ex-
pected upper limits on the branching fraction of J/ψ →
γ + invisible at the 90% C.L. are calculated with the
CLs approach and are shown in Fig. 3. The expected
upper limits as well as their uncertainties are also ob-
tained using toy MC sample, which is generated using
the background model from no signal assumption fit with
the same luminosity as data set. The result from data
is consistent with the zero-signal assumption in the 2σ
region with most mass assumptions. And for the zero
mass assumption of the invisible particle the upper limit
is 7.0×10−7. The local signal significances with different
mass assumptions are also shown in Fig. 3, where the
local signal significance is calculated by
√
2ln(
Lsig
L0
) in-
corporating the maximum likelihood with floating signal
yield Lsig and with zero-signal yield L0.
IV. SUMMARY AND DISCUSSION
In summary, we search for the J/ψ radiative decay
into a weakly interacting neutral particle in the pro-
cess ψ(3686) → π+π−J/ψ by using a ψ(3686) sample
of (448.1 ± 2.9) × 106 events collected with the BESIII
detector. No significant signal is observed, and the upper
limits at the 90% C.L. on the decay branching fraction of
J/ψ → γ + invisible are obtained for different minvisible
assumptions up to 1.2 GeV/c2. The observed upper limit
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FIG. 3: Upper limits at the 90% C.L. for the branching frac-
tions (the upper plot) and the signal significance (the bottom
plot) for the decay J/ψ → γ + invisible. In the upper plot,
the black line is for data, the black dashed line represents the
expected values and the green (yellow) band represents the
1σ(2σ) region.
for a zero mass of the invisible particle is improved by a
factor 6.2 compared to the previous results [18].
To further investigate the physical parameters in
NMSSM, and to better compare the physical results
from the different quarkonium decays, according to
Ref. [16] and Eq. (1), the upper limits of gc × tan2 β ×√
B(A0 → invisible) based on the measured upper lim-
its of the J/ψ → γ + invisible decay branching frac-
tions are extracted for tanβ = 0.7, 0.8 and 0.9, individu-
ally, as presented in Fig. 4 (a). The extracted results
are directly compared to gb ×
√
B(A0 → invisible)(=
gc × tan2 β ×
√
B(A0 → invisible)), which is obtained
based on the Belle results [21] and also presented in
Fig. 4 (a). We obtain better sensitivity in the range
tanβ ≤ 0.6 compared to the Belle results. Combining
the results from Belle [21], we also extract upper limits
on cos θA(=
√
gbgc)×
√
B(A0 → invisible), as presented
in Fig. 4 (b).
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FIG. 4: Upper limits at the 90% C.L. for (a) gc×tan2 β(gb)×√
B(A0 → invisible) and (b) √gbgc ×
√
B(A0 → invisible).
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